INTRODUCTION
Salmonella species cause over 90 million human cases of gastroenteritis globally each year; about 85% of those are foodborne related (Majowicz et al. 2010 ). This imposes a substantial economic burden. For example, in the United States alone, the total annual cost of foodborne salmonellosis was ∼$3.6 billion in 2013 (Hoffmann 2014 ). An analysis of the worldwide foodborne outbreaks between 1988 and 2007 indicated that Salmonella enterica serovar Enteritidis (S. Enteritidis) was the most frequent Salmonella serovar causing human diseases (Greig and Ravel 2009) . The majority of S. Enteritidis-related outbreaks have been associated with consumption of contaminated poultry products (Dunkley et al. 2009) . Salmonella Enteritidis infects chickens, particularly at an early age and often persists without clinical signs. The pathogen, thereby, can be passed to humans through contaminated eggs and meat.
During the last several decades, antibiotics have been used in poultry production to prevent, control and treat diseases. Furthermore, subtherapeutic antibiotics are routinely added to chicken feed to promote growth performance (Castanon 2007) . The massive antibiotic use, however, contributes to the development of antibiotic resistance in bacteria. Acquisition of resistance genes by foodborne pathogens from other bacteria has become an important threat to public health (Marshall and Levy 2011) . This concern has led the European Union to ban the use of all antibiotic growth promoters (AGPs) in animal feed (Castanon 2007) . Recently, Health Canada and the United States Food and Drug Administration have also asked for voluntary withdrawal of AGPs in food-producing animals (Kuehn 2014) . In the absence of AGPs, viable alternatives may be required to maintain animal health and improve efficiency of production.
The chicken gastrointestinal tract is colonised by trillions of microorganisms, constituting a dynamic ecosystem with significant impacts on metabolism and immune responses (Oakley et al. 2014; Stanley, Hughes and Moore 2014) . In addition, some of these microbes produce a broad range of polysaccharideand oligosaccharide-degrading enzymes that utilise plant fibres that are otherwise indigestible by host enzymes, resulting in the production of short chain fatty acids (SCFA) as fermentation end products (Sergeant et al. 2014) . These beneficial effects have led to the use of certain oligosaccharides as prebiotic compounds. A prebiotic is 'a nondigestible compound that, through its metabolisation by microorganisms in the gut, modulates composition and/or activity of the gut microbiota, thus conferring a beneficial physiological effect on the host' (Bindels et al. 2015) . Mannanoligosaccharide (MOS) is one of the promising prebiotics for use as a poultry feed additive and has been reported to have several health benefits by competing with pathogens for attachment sites (Baurhoo et al. 2012 ) increasing the population of commensal bacteria, and improving intestinal morphology (Baurhoo, Ferket and Zhao 2009) . Considered as food ingredients, xylooligosaccharides (XOS) have favourable technological properties and cause prebiotic effects derived from their ability to modulate the intestinal function (Moure et al. 2006) . We have previously shown that MOS (Pourabedin et al. 2014) and XOS (Pourabedin, Guan and Zhao 2015) were able to induce changes in the gut microbial composition, intestinal morphological structure and caecal SCFA production in broilers. However, whether and how such oligosaccharides could reduce Salmonella load in young chicks are not clear. A number of studies used microbial culture methods to evaluate the effects of MOS (Spring et al. 2000; Fernandez, Hinton and Van Gils 2002; Santos et al. 2013) and XOS (Eeckhaut et al. 2008) on the gut microbiota in Salmonella-challenged chickens, but none have used high-throughput sequencing to analyse the gut microbiota in a greater depth. Here, we addressed this issue by using 454 pyrosequencing and studied the impact of dietary supplementation with MOS and XOS on caecal microbiota of chickens infected with S. Enteritidis at 5 days of age. Furthermore, given the importance of inflammatory responses during Salmonella infection (Berndt et al. 2007; Setta et al. 2012 ), we also investigated several pro-and anti-inflammatory cytokines.
MATERIAL AND METHODS

Birds, diet and experimental groups
A total of 150 newly hatched commercial male broiler chickens (Arbor Acres) were obtained from a local hatchery in Shaanxi province of China. Birds were randomly assigned and housed in 30 cages at the isolation unit of College of Animal Science and Technology, Northwest Agriculture and Forestry (A&F) University (Yangling, China). Each cage was randomly assigned to one of five treatments: (1) negative control (NC), non-infected chickens fed a typical standard control diet; (2) positive control (PC), infected chickens fed the control diet; (3) XOS, infected chickens fed the control diet supplemented with 2 g XOS/kg; (4) MOS, infected chickens fed the control diet supplemented with 1 g MOS/kg; and (5) virginiamycin (VIRG), infected chickens fed the control diet supplemented with subtherapeutic levels of VIRG (16.5 g/ton diet). Each treatment had six cages with five birds in each cage. Chickens had free access to feed and water during the experiment. The main ingredients of the diets were corn and soybean meal and the diets were formulated according to the NRC requirement (23% protein and 3029 kcal/kg metabolisable energy). The MOS was supplied as AgriMOS from Lallemand Inc. (Montreal, QC, Canada), whereas XOS was purchased as XOS 95P from Shandong Longlive Bio-Technology Co. (Shandong, China). On a dry weight basis, XOS 95P contains 95% (w/w) XOS with degree of polymerisation (DP) of 2 to 7. All experimental protocols used in this experiment were approved by the Northwest A&F University Institutional Animal Care and Use Committee (Protocol Number: NWAFAC1054).
Salmonella Enteritidis challenge
A S. Enteritidis strain (CVCC3378), having novobiocin resistance obtained from the China Veterinary Culture Collection Center, was used in this study to infect chickens. Salmonella Enteritidis was cultured at 37
• C in the Luria Bertani (LB) medium (Difco, Franklin Lakes, NJ, USA) containing 25 μg of novobiocin/mL for 16 h with shaking. At 5 days of age, the NC group was moved to a separate isolated room, whereas all chickens in other groups were orally gavaged with 0.2 mL of S. Enteritidis (5 × 10 8 CFU/ mL). Chickens in the NC group received 0.2 mL sterilised phosphate-buffered saline (PBS, pH 7.2) orally as a placebo.
Sample collection
Six birds per treatment were euthanised by cervical dislocation at 1, 3 and 5 days after the bacterial challenge. 
Detection of caecal Salmonella colonisation
Homogenised caecal samples (with contents) were serially diluted in sterile PBS right after sample collection. From each dilution, 0.1 mL was then plated in triplicate on Brilliant Green Sulfa Agar (BD Diagnostics, Sparks, MD) containing 25 μg of novobiocin/mL. Plates were incubated for at least 24 h at 37
The number of Salmonella colony-forming units (CFUs) was logtransformed and the average values were used for statistical analysis.
Quantitative PCR
Total RNA was extracted from every caecal tonsil tissue sample using the TRIzol reagent (Takara, Dalian, China) according to the manufacturer's instruction. The RNA quantity was measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific). The cDNA was synthesised using 1 μg of total RNA, oligo (dT) primers and PrimeScript RT reagent Kit with gDNA Eraser (Takara) according to the manufacturer's protocol. • C for 10 s (extension). All reactions were carried out in triplicate. The expression levels of cytokine genes were normalised to GAPDH expression, which was used as an internal reference gene. Fold changes of target genes were determined using the 2 − CT method (Livak and Schmittgen 2001) .
Pyrosequencing
Purified genomic DNA (20 ng/μL) was used as a template to analyse the microbial communities. The V1-V3 region of the 16S rRNA gene was amplified using universal eubacterial primers (27F: AGAGTTTGATCCTGGCTCAG and 533R: TTACCGCGGCTGCTGGCAC) (Sergeant et al. 2012) . Unique eight nucleotide sample-specific barcodes and Roche 454, A-adapters were fused to the 5 end of the forward primer while the B-adapters were added to the 5 end of the reverse primer. PCR reactions were performed in triplicate by initial denaturation at 94
• C for 4 min and then 25 cycles of 94
• C for 30 s, 55
• C for 30 s and 72
• C for 30 s, followed by a final elongation step at 72
• C for 10 min. Before sequencing, the DNA concentration of each PCR product was determined using a Quant-iT PicoGreen double-stranded DNA assay (Molecular Probes, Invitrogen, Germany), and their quality was checked on an Agilent 2100 bioanalyzer (Agilent Technology, USA). Amplicon pyrosequencing was performed on a Roche Genome Sequencer GS FLX+ with Titanium chemistry at Personal Biotechnology Co., Ltd. (Shanghai, China).
Data processing
Raw sequence data were analysed using the quantitative insights into microbial ecology (QIIME) v.1.9.0 software package (Caporaso et al. 2010b) . For assigning sequences to individual samples, sequence reads were demultiplexed using split libraries.py script and according to the specific barcode of each sample. Barcodes and primers were detected and removed, where maximum two base differences in barcodes and no primer mismatches were permitted. Sequences were also excluded if they did not meet the default QIIME quality criteria. Required sequence length was set on the minimum of 100 bp and the maximum of 600 bp. Sequences with an average quality score <25 in a sliding window of 50 nucleotides were also discarded. The sequence data were denoised using the denoise wrapper.py command (Reeder and Knight 2010) within QI-IME. The chimeras were identified using the UCHIME method (Edgar et al. 2011 ) against the GOLD database and removed from further analyses. The remaining quality-filtered reads were clustered de novo (97% similarity threshold) into OTUs using the CD-HIT method (Fu et al. 2012) , and the most abundant sequence was selected as the OTU representative. The sequence alignment was performed against the Greengenes May 2013 reference using the PyNAST method (Caporaso et al. 2010a ). OTUs were taxonomically categorised using the naïve Bayesian RDP classifier (Wang et al. 2007) , which was trained on the Greengenes May 2013 database with a minimum confidence score of 0.8. For downstream analysis, the OTU table was filtered by discarding OTUs that comprised <0.005% of all sequences (Bokulich et al. 2013) . 
Statistical measurements
To compare microbial community structure, weighted and unweighted UniFrac distance matrices were computed using the OTU table and a phylogenetic tree was constructed using QIIME. The distance matrices then served as inputs to plot PCoA. Analysis of similarities (ANOSIM) with 999 permutations was used to detect statistical significances between microbial communities in different groups. This test measures a value of R, normally scaled from 0 to 1, which is based on the average rank similarity among groups and replicates within each group (Clarke 1993) . R = 0 indicates that two groups are similar, whereas R = 1 shows a perfect separation between groups. Differentially abundant taxa were identified using the linear discriminant analysis (LDA) effect size (LEfSe) method (Segata et al. 2011) . The LEfSe algorithm uses the non-parametric factorial Kruskal-Wallis test (α = 0.05) to analyse differences between classes (treatments) and the pairwise Wilcoxon test (α = 0.05) to check differences among subclasses (time points) within different classes. To evaluate the α-diversity in samples, rarefaction curves of phylogenetic diversity (PD), Chao1 index and number of observed OTUs were computed using QIIME. To normalise the sequencing depth, the lowest counts among samples were randomly subsampled in each library 1000 times and average values were used to measure diversity indices. Diversity indices were compared among all groups by a non-parametric t-test using Monte Carlo permutations. Salmonella counts between the infected groups were compared using the Dunnett multiple comparisons test using the GraphPad Prism v6 (La Jolla, CA). The P < 0.05 was considered statistically significant.
Multivariate analysis
CANOCO 4.5 software (Braak 1988 ) was used to conduct multivariate analysis using detrended correspondence analysis (DCA) and canonical correspondence analysis (CCA) to study the correlation between host caecum inflammatory responses (five cytokine genes) and microbial composition at genus level. To determine whether a linear or unimodal-based numerical method should be used, DCA with detrending by segments was first conducted to evaluate the gradient length of the first axis. Five environmental variables (cytokine genes) and 22 OTUs corresponding to the genus level were included in the CCA. The Monte Carlo permutation test was conducted to test the significance of the eigenvalues of the first canonical axis. A Mantel test based on 999 random permutations was used to examine correlations between the differences of host caecum inflammatory responses and the microbial composition.
RESULTS
Caecal Salmonella Enteritidis counts after oral infection
From each bird, one caecum with content was homogenised and plated on the selective medium to measure the population number of inoculated S. Enteritidis. No S. Enteritidis colony was recovered from the caecum of the uninfected group. One day after infection, there was no significant difference among dietary treatments. However, at 3 days after infection, S. Enteritidis counts were reduced by 1.25 log in chickens fed the MOS diet in comparison with those in the PC group (Fig. 1) . Five days after challenge, the mean counts of S. Enteritidis in both MOS and XOS groups were significantly lower than that in the PC group by 1.62 and 1.01 log, respectively (Fig. 1) . VIRG treatment did not significantly affect colonisation of S. Enteritidis at any sampling time (Fig. 1 ).
Caecal microbial community analysis
A total of 955 877 sequences of the V1-V3 region of the 16S rRNA gene were obtained from a total of 90 caecal samples. After trimming and removing low quality and chimeric sequences, 843 947 sequences were retained for downstream analyses. The average number of reads retained per sample was 9377 (±3094 standard deviation (STD)), with the median read length of 482 (±86 STD) bases in all samples. After removing low-abundance OTUs (<0.005% of total OTUs), 4742 OTUs remained for further analyses. The alpha-diversity of a subsampled (4000 reads) OTU table was evaluated by calculating the Chao1 index, PD (whole tree) and the number of observed OTUs. Neither the colonisation by S. Enteritidis nor dietary supplements significantly changed the alpha-diversity indices of caecal microbiota (Table 2) . To estimate β-diversity between caecal microbial communities, weighted and unweighted UniFrac distance matrices were used. ANOSIM of unweighted UniFrac demonstrated that there was no clustering associated with dietary treatments or S. Enteritidis infection. In contrast, when the relative abundance of taxa (weighted UniFrac distance matrix) was taken into account, a Figure 1 . The effects of dietary supplementations on Salmonella counts from the caecum (with contents) of chicks on day 1, day 3 and day 5 after inoculation with PBS or S. Enteritidis. No S. Enteritidis colony was recovered from the NC group (non-infected control). Samples were collected from one bird per cage (n = 6/treatment) and plated in triplicate. PC = infected control; XOS: infected + 2 g xylooligosaccharides/kg; MOS: infected + 1 g mannanoligosaccharides/kg; VIRG: infected + 16.5 mg virginiamycin/kg. Asterisks ( * P < 0.05, * * P < 0.01) indicate statistical differences between the treatment group and the PC. Note: Indices were calculated at 7000 sequences per sample. The Chao 1 index estimates species richness, Observed OTUs is the number of unique OTU within a sample. 'Phylogenetic Diversity (PD) whole tree' is the sum of the branch length connecting all taxa present in the caecal microbiota. No significant differences (P > 0.05) were noted between any groups. NC = uninfected control; PC = infected control; XOS = infected + 2 g xylooligosaccharides/kg; MOS = infected + 1 g mannanoligosaccharides/kg; VIRG = infected + 16.5 mg virginiamycin/kg. Note: ANOSIM measures a value of R, normally scaled from 0 to 1, which is based on the average rank similarity among groups and replicates within each group. R = 0 indicates that two groups are similar, whereas R = 1 shows a perfect separation between groups. Statistically significant P-values are in bold. significant (P < 0.01) but weak visual separation (0.1<R<0.5) was observed between the groups on day 3 and day 5 after infection (Table 3 and Fig. 2 ). The LEfSe method was used to detect the most differentially affected taxa (LDA > 2) between the groups. The relative abundance of the Ruminococcus, Coprococcus and Lachnospiraceae in the uninfected group (NC) was 15.8%, 20.1% and 8.2%, respectively, which were higher than those (0.5%, 0.4% and 5%) in the PC group (Fig. 3A) . When all the infected groups were compared, LEFSe indicated the enrichment of genera Lactobacillus (30% vs 10%), Roseburia (0.15% vs 0.04%) and Clostridium (0.32% vs 0.07%) in birds fed XOS, and increases in Ruminococcus (3% vs 0.5%), Coprococcus (0.9% vs 0.01%) and Enterococcus (2% vs 0.02%) species in the MOS-treated group (Fig. 3B) . VIRG treatment did not affect the relative abundance of bacterial taxa in the caecum.
Cytokines gene expression in caecal tonsils
To address whether intestinal immune function was altered by S. Enteritidis infection or dietary treatments, the gene expression of various inflammatory-associated cytokines was evaluated using the qPCR method (Fig. 4) . One day after inoculation with either PBS or S. Enteritidis, the relative expression of interleukin 6 (IL-6), lipopolysaccharide-induced tumour necrosis factor alpha factor (LITAF), interferon (IFN)-γ and transforming growth factor (TGF)-β were significantly lower in the NC control compared to that for the PC control (Fig. 4A) . Dietary treatments with XOS, MOS or VIRG significantly reduced expression of proinflammatory cytokines, IL-6 and LITAF, compared to the PC group at 1 day after challenge (Fig. 4A) . At the same time point, IL-10 expression was significantly increased in the VIRG, while it was reduced in the XOS group compared to the PC group. The MOS treatment, but not XOS, significantly decreased IFN-γ expression compared to the PC group at 1 and 3 days after infection ( Fig. 4A and B) . At day 3 after infection, similar to IFN-γ , the relative expression level of LITAF was reduced in the MOS, but not in the XOS group (Fig. 4B) . At 3 and 5 days after S. Enteritidis challenge, no significant change was observed in the level of the IL-6, IL-10 and TGF-β expression between the dietary supplemented groups ( Fig. 4B and C) .
Multivariate analysis of caecal microbial community structure and inflammatory responses
To further study the interaction between caecal microbiota and host immune responses, the CCA was performed to investigate the multivariate structure between the relative expression of cytokine genes (IL-6, IL-10, LITAF, IFN-γ and TGF-β) and the caecal The CCA results showed that there was a strong correlation between host caecum inflammatory responses (IL-6, IL-10, LITAF, IFN-γ and TGF-β) and the bacterial composition in the caecal samples from different groups (Table 4 and Fig. 5 ). The relative expression of IL-6, IL-10, LITAF, IFN-γ and TGF-β had a consistent correlation with the bacterial composition at the genus level. The IL-10 effect was the most significant, followed by IFN-γ , IL-6, LITAF and TGF-β genes. The Monte Carlo permutation test indicated a significant correlation between host caecum inflammatory responses and bacterial composition at the genus level (P = 0.032).
DISCUSSION
The changes in chicken gut microbial diversity and composition induced by S. Enteritidis infection have been recently studied (Mon et al. 2015) . However, whether and by which mechanisms antibiotic or prebiotic feed additives ameliorate Salmonella colonisation is unclear and published results are sometimes controversial. In this study, we used 454 pyrosequencing of V1-V3 region of the 16S rRNA gene and found differences in the relative abundance of certain bacterial taxa in the caecal microbiota of chickens infected with S. Enteritidis, and fed diets supplemented with MOS or XOS. We found that the number of S. Enteritidis recovered from the caecum of chickens was significantly lower by 1.6 log in the MOS-treated group, and to a less extent in the XOS-fed birds compared to the infected group but not treated with prebiotics (Fig. 1) . Several epidemiological reports have shown the relationship between the prevalence of Salmonella in poultry flocks and human salmonellosis outbreaks (Altekruse et al. 1993; Messens et al. 2013) . In broilers, Salmonella in the caecum can result in the pathogen contamination of carcass during the slaughter process. In laying hens, S. Enteritidis colonisation in the caecum may spread to the reproductive organs and lead to the transmission of the pathogen to eggs. Thus, reduction of Salmonella colonisation in the caecum constitutes a preventive strategy at the farm level to reduce the incidence of human salmonellosis.
Comparison of the α-diversity indices across the five treatments (Table 2) indicated that the caecal microbial diversity remained relatively stable even after S. Enteritidis colonisation. Nevertheless, when comparing the relative abundance of taxa between the uninfected and the infected controls, the genera Lachnospiraceae, Ruminococcus and Coprococcus were enriched in the uninfected birds and that Staphylococcus species, Lactobacillaceae, Pseudomonadales and Salmonella were overrepresented in the infected control (Fig. 3) . We further indicated that inoculation with S. Enterititids rapidly induced production of both antiand proinflammatory cytokines, which were differentially regulated by dietary treatments (Fig. 4) . Comparing the caecal microbiota as a community, we revealed that neither S. Enteritidis colonisation nor dietary treatments altered the PD, the Chao1 index (richness) and the number of observed OTUs across all time points (Table 2) . Cross-community comparisons, considering the presence or absence of taxa (unweighted Unifrac method), also indicated similarities between the groups. These findings suggest that dietary supplementation with MOS or XOS as well as S. Enteritidis infection changed the relative abundance of some bacterial species but did not significantly alter microbial diversity in the caecum. This is consistent with other studies that have shown similar effects in chickens fed different feed additives including AGP (Danzeisen et al. 2011) , prebiotic or organic acids (Thibodeau et al. 2015) , or challenged with Campylobacter jejuni (Thibodeau et al. 2015) , S. Enteritidis (Videnska et al. 2013) or C. perfringens . However, considering relative abundance of each OTU within the community, we found significant changes among the groups. These results highlight the importance of not looking at just one parameters of the bacterial community but rather collection of metrics to identify changes in population that can be associated with dietary supplementation or disease state.
Previous works performed studying the effects of prebiotics on the gut microbiota have shown variable results suggesting that different prebiotics may have different modes of action . Here, we revealed that the genera Clostridium, Lactobacillus and Roseburia were increased in response to XOS supplementation, whereas MOS significantly enriched sequences classified as Coprococcus, Ruminococcus and Enterococcus (Fig. 3B) . These results confirm those of recent studies, which have reported that XOS stimulated the growth of Lactobacillus (Pourabedin, Guan and Zhao 2015) and butyrate-producing Clostridium cluster XIV (De Maesschalck et al. 2015) in 2 to 5 weeks old broilers. Lactate, produced by lactobacilli during XOS fermentation, can be utilised by the butyrateproducing Anaerostipes species (De Maesschalck et al. 2015) . Roseburia species, belonging to Clostridium cluster XIV, are also important butyrate-producing bacteria, utilising a variety of polysaccharide substrates of the diet (Duncan et al. 2007; Scott et al. 2011) . Roseburia species have been found in both human and chicken intestine (Lei et al. 2012) . Butyrate provides energy for the epithelial cells, exerts anti-inflammatory properties by inhibiting nuclear factor kappa B (NF-κB) transcriptional activity (Segain et al. 2000) and demonstrates inhibitory activities against Salmonella species in chickens (Van Immerseel et al. 2005) . In addition, butyric acid increases production of mucin (Barcelo et al. 2000) and antimicrobial peptides (Sunkara et al. 2011) , improving host intestinal defence barriers. The genera Coprococcus and Ruminococcus, enriched by MOS, are other members of Clostridium cluster XIV that contribute to butyrate production. An increase in Coprococcus genus was previously observed in the caecum of broilers in response to anticoccidial and growth promoters (Danzeisen et al. 2011) . Another abundant taxa enriched by MOS was the genus Enterococcus, containing highly adaptable lactic acid bacteria, and commensals of the animal and human GI tract (Lebreton, Willems and Gilmore 2014) . Many enterococci species such as Enterococcus faecium produce bacteriocins, generally called enterocins, which has been associated with growth inhibition of foodborne pathogens in the gut (Franz et al. 2007) . It might be possible that increases in the relative abundance of above-mentioned commensals in MOS or XOS-treated chickens reduced Salmonella colonisation in the caecum or simply contributed to intestinal health.
Our study generally indicated quick and significant changes in expression of various cytokines upon S. Enteritidis infection in the caecal tonsils (Fig. 4) , which was in line with observations of previous authors (Haghighi et al. 2008; Setta et al. 2012) . Caecal tonsils were chosen because they are major gut-associated lymphoid tissues in chickens, and responsible for inducing immune responses against enteric pathogens (Bar-Shira, Sklan and Friedman 2003). They are located at the proximal ends of the ceca. Similar to Peyer's patches in mammals, the chicken caecal tonsils contain T and B lymphocyte populations, and therefore appear to be critical for maintaining intestinal immune homeostasis (Bar-Shira, Sklan and Friedman 2003) . Investigating expression of pro-and anti-inflammatory cytokines following treatment with AGP or prebiotic is of great interest to understand the relationship between microbial modulation and intestinal cell-mediated immunity. In this study, 1 day after infection, IL-10 expression was enhanced in the antibiotic-treated birds while it was downregulated in MOS-fed chickens compared with the infected control group. The IL-10 is an immunosuppressive cytokine, and its increased level in pathogen challenged chickens has been associated with increased susceptibility to infection (Rothwell et al. 2004 ). In addition, MOS prevented the development of IFN-γ and LITAF proinflammatory cytokines, which were both highly overexpressed in the infected control group. IFN-γ and LITAF play an essential role in the early phase of Salmonella infection (Nauciel and Espinasse-Maes 1992) . LITAF, mainly produced by macrophages, regulates innate immune responses, particularly the maturation dendritic cells (Trevejo et al. 2001) . IFN-γ is actively produced by T helper cells and natural killer cells and regarded as a major immune stimulator driving protection against Salmonella infection in birds (Crome et al. 2013) . A general mechanism by which IFN-γ reduces infection is that it activates macrophages, inducing them to produce nitric oxide (Ma et al. 2003) and major histocompatibility complex class II molecules (Kaspers et al. 1994) . In this study, increased mRNA expression of IFN-γ in the caecal tonsils of chickens following S. Enteritidis infection confirmed its important functions in defence against Salmonella, as shown by other authors (Withanage et al. 2005; Berndt et al. 2007) . It has been also demonstrated that treatment of chickens with probiotics decreased IFN-γ expression in caecal tonsils of chickens infected with S. Typhimurium compared to the Salmonella-infected birds not treated with probiotics (Haghighi et al. 2008) . It is likely that the lower caecal colonisation by S. Enteritidis in MOS-fed birds compared to the infected control triggered less secretion of IFN-γ and LITAF at 1 and 3 days after challenge. Additionally, we observed that mRNA expression of IL-6 and LITAF in the XOS group was decreased 1 day after infection compared to that in infected control. Whether this is related to the changes in the relative abundance of some bacterial taxa such as lactobacilli in the XOS-fed group remains unclear. However, there is reported evidence that different species of Lactobacillus differentially activate dendritic cells (Christensen, Frokiaer and Pestka 2002) , and modulate cytokine production (Brisbin et al. 2010) , thus regulating innate and adaptive immune responses.
A growing body of evidence, using germ-free animal models, shows bidirectional relationships between gut microbiota and immune system regulation. In our study, a CCA considering the host relative expression of cytokine genes, different treatments and bacterial composition at the genus level in the caecum showed that changes in microbial composition were significantly (P = 0.032) linked to the relative expression of tested cytokines in chickens (Table 4 and Fig. 5) . We can therefore speculate that an increase in the abundance of Ruminococcus, Coprococcus, Clostridium, Lactobacillus, Roseburia and Enterococcus, observed in the prebiotic-treated groups is linked to a decreased expression of IL-6, IFN-γ and LITAF. This is supported by a recent study in broiler chickens showing that transcription of proinflammatory cytokines negatively correlate with the relative abundance of phylum Firmicutes and positively linked to Proteobacteria (Oakley and Kogut, 2016) .
In conclusion, MOS and XOS prebiotics provided a protective effect against S. Enteritidis in young chickens since they reduced caecal colonisation of the pathogen and production of inflammatory cytokines. Noticeably, we found that MOS and XOS were differentially capable of changing the relative abundance of specific bacterial taxa in the caecal microbiota. Moreover, the current work indicated that MOS and XOS induced different cytokine expression patterns upon S. Enteritidis infection, and the difference was correlated with their abilities to reduce S. Enteritidis colonisation. These findings help us better understand how the gut microbiota contributes to poultry health and productivity and support the development of new prebiotic products as an alternative to in-feed antibiotics. However, further studies using metagenomics approaches together with metabolite profiling are needed to elucidate the gut microbiota-driven pathways and the role played by prebiotics.
